INTRODUCTION
Ultrasonic imaging provides an effective and efficient method to detect and size defects in tires. Defects may be delaminations, belt fractures and fatigue cracks. The interaction of ultrasound with defects produces reflected and transmitted signals which can be used to produce images of the crown, shoulders and sidewalls of the tire to visually reveal the presence of defects.
The work reported here has focused on the development of a laboratory system for high frequency ultrasonic inspection of tire casings. The primary issues which have been considered in the development of the system are • The appropriate center frequency of the ultrasonic transducer. The frequency was selected based on the required scanning resolution. Transducer frequency was limited by the need to maximize the amplitude of the received ultrasonic signal. Excellent resolution and good signal to noise ratio were obtained using 0.5 MHz center frequency transducers.
• The acoustic coupling between tire and transducer. Air coupled and water coupled configurations were tested at different frequencies and a hybrid water-air configuration was considered. To reduce noise and ultrasonic attenuation effects the laboratory system uses water coupling. Further improvement in air-coupled transducer technology may make it possible to use a hybrid water air coupling arrangement.
• The configuration of the electronics for the ultrasonic system. The electronics were selected to allow for expandability, and to satisfy cost and resolution requirements. Digital image and signal processing have been employed to produce understandable laboratory grade images and signals. A number of approaches and algorithms have been developed to produce results which are repeatable and are easily interpreted.
• Scanning of flaw-seeded test tire. Results were obtained for scans of two test tires, labeled 783-23 and 783-24. These scans provided information on the minimum detectable size of a defect.
This paper describes the system and presents some of the imaging results.
SCANNING SYSTEM
The scanning system consists of a water tank, a bridge with a motor to rotate the tire, ultrasonic transducers and electronic equipment for data processing. Figure 1 shows the through-transmission configuration. The automated scanning procedure employs a focused water-coupled receiving transducer attached to a three degree of freedom positioning system with positions along the x axis (horizontal), the y-axis (vertical) and Three stepper motors are used for the positioning system. The two motors responsible for the positioning along the x-axis and the y-axis are 1.8 0 -2 phase hybrid permanent magnet, size U31 motors. Each of the two motors is adapted to function as a linear actuator by means of a 10 pitch leadscrew. The angular positioning motor is a 1.8 0 U21 submersible stepping motor. Each motor is driven by a Digiplan PK2 Stepping Motor Drive. These bipolar chopper drives are capable of full stepping or half stepping the motor. The motor performs 200 steps/revolution at full step corresponding to the 1.8 o /step designation mentioned above. In half step mode, the drive is capable of doubling the resolution to 400 steps/revolution, corresponding to 0.9 0 per step. Therefore, for linear
Tire Cross Section positioning at half step using the 10 pitch (2.54 mmltum) leadscrew, the resolution is 6.35 /lmlstep. The stepper motor systems used in this project are open loop motion control systems.
A 50 mm focused receiving transducer with a center frequency of 0.5 MHz was used in this work. This is the optimal frequency for crown scanning. More than adequate resolution of side wall defects was also achieved with the 0.5 MHz transducer. The transmitting transducer is an immersion paintbrush transducer configuration as shown in Figure 1 . The paintbrush transducer eliminates the complexity associated with positioning the transmitting transducer. The paintbrush transducer consists of several rectangular, water coupled elements positioned around the tire in a U shaped configuration. Depending upon the area being scanned, a number of elements of the paintbrush are excited simultaneously for each B-scan. The number of elements that need to be excited and the spacing between the paintbrush elements are a function of the size and beam spreading characteristics of the individual elements. The dimensions of an element are 12 x 100 mm and its center frequency is 0.5 MHz.
In this project, the number of columns in the sidewall, shoulder or crown C-scan is one thousand (the number of points in each B-scan). Given the rotational speed of the tire, the data acquisition hardware is capable of sampling more than 1000 points for every Bscan. Taking advantage of this capability, 4000 points are sampled for every B-scan and the data set is then down sampled to 1000 points. Assuming an average tire casing diameter of 1067 mm, each data point in a B-scan represents approximately 3.3 mm of travel on the tire casing. Consequently, each column of pixels in the displayed C-scan of the sidewall or crown translates into approximately 3.3 mm of travel along the circumference of the tire casing. To keep the aspect ratio of the stored C-scans approximately square, the receiving transducer is moved in increments of 2.54 mm inbetween B-scans of the crown, the shoulder and the sidewall. As previously stated, the half step mode resolutions of the linear and angular positioning systems are 6.35 /lmlstep and 0.9 0 per step respectively.
The schematic of the ultrasonic system configuration is shown in Figure 4 . A RITEC BP-9400 Burst Pulser generator generates a pulse signal, which, after going through an attenuator, is sent to the paint brush transducer. The focused transducer placed inside the tire receives the signal. The signal is then amplified by a preamplifier and sent to the peak detector to get the peak value of the signal. The peak value is then digitized by an LeCroy 9400 Oscilloscope Figure 4 The schematic of ultrasonic system configuration.
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AID board and acquired by a personal computer. The peak values of the signals provide the raw data for the C-Scan image.
IMAGE PROCESSING
A displayed C-scan appears as an image consisting of an array of mxn pixels quantified at 8 bits/pixel, 256 levels. Each pixel can have an intensity level ranging from 0 to 255, forming a grayscale image. A false color palette can be used to improve the visual display, aiding the operator in discerning a flaw. The palette is just a mapping of the grayscale to the standard ROYGBIV palette (red, orange, yellow, green, blue, indigo, violet).
As mentioned earlier, before the acquired data is assembled into a C-scan, there is a down sampling of every B-scan from 4000 points to 1000 points. This spatial averaging is accomplished by averaging every four pixel values in the B-scan and replacing the four of them with the average value. Then, another operation based on mean filtering is applied. It is designed to improve image contrast, remove false flaw signals and detect circumferential defects. Having calculated the mean level of each down sampled B-scan, this value is subtracted from each B-scan. The B-scans are assembled into one data set which then undergoes a linear conversion to the 0-255 intensity scale.
Another step used in flaw segmentation is thresholding to increase the contrast between the information of interest and the rest of the image. In this work, the thresholding is modified so that all of the pixels above a suitable threshold level are set to the background level of 255 while the rest of the pixels retain their 8 bit representation. This process filters out any variations of the higher amplitude signals, allowing for greater sensitivity in locating the flaw edges. A critical consideration is the method by which the threshold value is set. In this work, the thresholding procedure is taken to center around a nonlinear intensity function. As previously mentioned, the signal amplitudes present in the assembled data file undergo a linear conversion to the display intensity scale. The image processing algorithm then rescales the C-scan image data using a nonlinear transfer function of the power law type. The purpose is to increase the contrast between the low end region of the intensity spectrum where the flaws are found and the rest of the image.
Other image processing techniques for flaw segmentation and identification, such as edge detection, object labeling, zero order moment and second order moment based features, and convex hull, have also been applied.
C-SCAN IMAGES OF TEST TIRES
The flaw inspecting capability of the scanning system was tested by two test tires labeled Test Tire 783-23 and Test Tire 783-24, respectively. Artificial flaws of various sizes had been seeded in the rubber matrix layers in between the steel belts in the crown, shoulder as well as sidewall areas of the test tires. By using the system along with the image processing program, C-scan images of the test tires were obtained as shown in Figures 6 and 7 , respectively. For test tire 783-23 comparison with the flaw information provided by BANDAG shows that seventeen out of twenty two anomalies placed in the tire were identifiable in the C-scan image. For test tire 783-24, eleven of the twenty artificial anomalies reported by BANDAG are visible in the ultrasonic image. The missing anomalies were smaller than the minimum detectable size. The minimum detectable defect size, with regards to both sensitivity and repeatability, has been determined for varying scan sampling points and transducer center frequencies. A recommended frequency with regard to both sensitivity and repeatability is 0.5 MHz, for which the minimum detectable flaw is 6x6 mm 2 with a scan step increment of 1.27 mm.
CONCLUSIONS
An ultrasonic C-Scan system for truck tire casings has been constructed and image processing techniques for flaw detection and visual display have been developed. The optimal center frequency for truck tire imaging was determined to be 0.5 MHz for which the minimum detectable size is estimated as 6 x 6 mm 2 . 
